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How is this year’s prize different from 2002?

• In 2002, the prize was given to Ray Davis (Homestake) and Masatoshi 
Koshiba (Kamiokande) for "for pioneering contributions to astrophysics, in 
particular for the detection of cosmic neutrinos". 

• This time, the prize is explicitly for proving that neutrinos oscillate and hence 
have masses. This year’s prize is for neutrino particle physics.
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PDG 1996
http://pdg.lbl.gov/1996/

www_2ltab.ps
A number of “problems” (solar) or 
“anomalies” (atmospheric, LSND)
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The Standard Model reigned
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THE STANDARD MODEL AND WHY WE BELIEVE IT ∗ †

J.L. HEWETT

Stanford Linear Accelerator Center, Stanford, CA 94309

The principle components of the Standard Model and the status of their experi-
mental verification are reviewed.

1 The Standard Model

The Standard Model (SM), which combines the SU(2)L×U(1)Y Glashow -
Weinberg - Salam theory of electroweak interactions 1 together with Quantum
Chromodynamics,2 constitutes a remarkable achievement. The formulation of
the theory as a renormalizable quantum theory preserves its predictive power
beyond tree-level computations and allows for the probing of quantum effects.
An array of experimental results confirm every feature of the theory to a high
degree of precision, at the level of testing higher order perturbation theory. In
fact, at present there are no compelling pieces of evidence that are in conflict
with the SM. In these lectures I will review the components of the SM and the
extent to which they have been tested.

The strong interactions are described by Quantum Chromodynamics 2

(QCD), which is a non-abelian gauge theory based on SU(3). Each quark
flavor is a color triplet in the fundamental representation of SU(3)Color and
the SU(3) gauge fields, i.e., the gluons, lie in the adjoint representation 8. All
other particles are color singlets and don’t experience strong interactions. The
QCD Lagrangian may be written as

LQCD = −
1

4
F̂ a

µν F̂µν
a + ψ̄i(iγ

µD̂µ − m)ψi , (1)

with
F̂ a

µν = ∂µGa
ν − ∂νGa

µ + gsf
abcGbµGcν (2)

being the gluon field tensor and the covariant derivative is defined by D̂µ =
∂µδ − igsTaGa

µ. Here gs represents the strong coupling and the indices are
summed over color with a = 1 − 8 and i = 1, 2, 3. Ta and fabc are the SU(3)

∗Lectures given at TASI97: Supersymmetry, Supergravity, and Supercolliders, Boulder,
CO, June 1997.

†Work supported by the Department of Energy, Contract DE-AC03-76SF00515

1

hep-ph/
9810316
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Citation: D.E. Groom et al. (Particle Data Group), Eur. Phys. Jour. C15, 1 (2000) (URL: http://pdg.lbl.gov)

Number of Light Neutrino TypesNumber of Light Neutrino TypesNumber of Light Neutrino TypesNumber of Light Neutrino Types

(including νe, νµ, and ντ )

Number N = 2.994 ± 0.012 (Standard Model fits to LEP data)
Number N = 3.00 ± 0.06 (Direct measurement of invisible Z

width)

Massive Neutrinos andMassive Neutrinos andMassive Neutrinos andMassive Neutrinos and
Lepton Mixing, Searches forLepton Mixing, Searches forLepton Mixing, Searches forLepton Mixing, Searches for

For excited leptons, see Compositeness Limits below.

See the Particle Listings for a Note “Neutrino Mass” giving details of
neutrinos, masses, mixing, and the status of experimental searches.

There is now rather convincing evidence that neutrinos have nonzero
mass from the apparent observation of neutrino oscillations, where the
neutrinos come from π (or K ) → µ → e decays in the atmosphere; the
mesons are produced in cosmic-ray cascades.

Stable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass Limits

Mass m > 45.0 GeV, CL = 95% (Dirac)
Mass m > 39.5 GeV, CL = 95% (Majorana)

Neutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass Limits

Mass m > 83.3 GeV, CL = 95%
(Dirac νL coupling to e, µ, τ ; conservative case(τ ))

Mass m > 73.5 GeV, CL = 95%
(Majorana νL coupling to e, µ, τ ; conservative case(τ ))

Solar NeutrinosSolar NeutrinosSolar NeutrinosSolar Neutrinos

Detectors using gallium (Eν
>∼ 0.2 MeV), chlorine (Eν

>∼ 0.8 MeV),
and Ĉerenkov effect in water (Eν

>∼ 7 MeV) measure significantly
lower neutrino rates than are predicted from solar models. The deficit
in the solar neutrino flux compared with solar model calculations
could be explained by oscillations with ∆m2 ≤ 10−5 eV2 causing
the disappearance of νe .

HTTP://PDG.LBL.GOV Page 11 Created: 9/19/2000 13:11

PDG 2000
http://pdg.lbl.gov/2000/lxxx_index.pdf

By that point, I was hooked!

8

N
um

be
r o

f e
ve

nt
s

0

100

200

300

400
Sub-G 1-R e-like

0

200

400

600 Sub-G 1-R µ-like

0

50

100

Multi-G 1-R e-like

0

50

100

150 Multi-G 1-R µ-like

0

50

100

-1 -0.5 0 0.5 1

cosθ

Multi-G Multi-R e-like

0

50

100

150

-1 -0.5 0 0.5 1

cosθ

Multi-R µ-like

Nu
m

be
r o

f e
ve

nt
s

0

10

20

30
OD stopping PC

0

50

100

150 UP stopping µ

0

50

100

150

200

-1 -0.5 0 0.5 1

cosθ

OD through-going PC

0

100

200

300

400

-1 -0.8 -0.6 -0.4 -0.2 0

cosθ

UP through-going µ

FIG. 3: Zenith angle distributions of FC e-like, µ-like, PC,
and UPµ are shown for data (filled circles with statistical
error bars), MC distributions without oscillation (boxes) and
best-fit distributions (dashed). The non-oscillated MC shows
the distribution without fitting and the box height shows the
statistical error. In the case of non-zero θ13, matter enhanced
excess of electron-like events is expected in the zenith angle of
−1 < cos θ < −0.2 regions in the multi-GeV 1-ring and multi-
ring electron-like samples. The νµ in the resonance regions
populate mainly in the multi-GeV single-ring muon, multi-
ring muon, two PC, and UP stopping µ samples.
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Solar neutrinos

• The first neutrino oscillation effect was observed in 1968, by 
the Homestake experiment in the US

• 100,000 gallons of dry-cleaning fluid (tetrachloroethylene) 
4,850 feet underground. Every few weeks, extracted Ar, 
formed by 

• Expected ~ 51 atoms of Ar (solar model calculation by 
John Bahcall), but Davis saw only ~ 17

• In 2002, Ray Davis received his Nobel prize (and Bahcall 
should have!)

• The Homestake mine is now a science lab, hosting LUX 
and Majorana demonstrator and getting prepared to host 
DUNE

⌫e +
37 Cl ! e� +37 Ar
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Solar neutrinos, early 
2000

A number of solutions 
possible, with masses 
and mixing angles 
spanning orders of 
magnitude (more on 
this later)

A. de Gouvea, A.F., H. Murayama, PLB 490, 125 (2000)
A.F., PRL 85, 936 (2000) 
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And by 2005
KamLAND+SNO+SuperK
+Homestake+GALLEX/
SAGE

KamLAND constrains 
Δm2, while the angle 
𝜭12 is better 
constrained by the solar 
data 

Ironically, the mixing 
angle is large

KamLAND Collab., PRL 94, 081801 (2005)
SNO Collab., PRL 92, 181301 (2004) 
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Fast-forward to now

• Oscillations have been conclusively measured in solar, atmospheric, beam and 
reactor neutrinos. 

• This includes energy and distance-dependent smoking gun features. 

• All three angles are now measured. 

• There was a suspicion that theta13 could be vanishingly small, but thanks to 
recent results from Daya Bay we know it is quite large. 

• The flavor structure of the lepton sector looks very different from the quark sector. 

• What was a discovery a dozen years ago is now entering phase 2, precision stage 
measurements. Just like cosmology over the same time period. 

11



Compare to progress in CMB measurements
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Relic neutrinos: cosmological data

• While we have not detected 
relic neutrinos directly, we 
clearly see their presence in the 
CMB data. Can’t fit the data 
without them.

• Planck 2015 [arXiv:1502.01589] 
reports Neff=3.15±0.23 and for 
the mass mν < 0.23 eV

• Not only we measure that there 
are relic neutrinos, we can even 
see their inhomogeneities and 
detect their free-streaming 
behavior

14
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FIG. 8: Expected sensitivity of Planck alone to NF S , Ncoupled.
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N

FIG. 9: Sensitivity of Planck plus other cosmological data. The constraints on NF S are not much changed as compared with
Planck alone, but the figure shows a factor of two potential improvement in Ncoupled.Friedland, Zurek, Bashinsky, 0704.3271

PLANK forecast for free-streaming/
coupled neutrino sensitivity
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More neutrino astronomy!

• Meanwhile, there have been other major discoveries in neutrino astrophysics. 
In the last two years, IceCube has been reporting UHE neutrinos of ~ PeV 
energies, likely coming to us from cosmological distances.

•

14



Digression: WHY does the SM work so well?

• Not a simple question. The answer is: Nobody knows for sure. It’s a mystery. 
Maybe a curse.

• Perfectly sensible to suppose that the SM is not an ultimate theory, but 
embedded in a more complete framework. 

• Taking the SM as an effective theory, great many effective higher-dim 
operators. Yet, somehow, everyone we could probe one, it wasn’t there. From 
K-Kbar mixing, to µ→eγ, to proton decay.

15



Digression: WHY does the SM work so well?

• Alternatively, one could have additional light fields. 

• For example, the smallness of the theta parameter is attractively explained 
by a new light field, axion. 

• Once you have these new fields, you could have new couplings to the SM 
fields. E.g, axion-photon coupling. Or even dim-4 operators, such as the 
Higgs portal (mixing) or dark photon KM portal. 

• Again, the results of all such searches have so far been negative. If there is a 
light sector, it must really be well secluded.
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Neutrino mass

• Now, the neutrino mass measurement breaks this mold.  Either there is the 
first measured dim-5 operator (Weinberg) or new light states (right handed 
neutrinos). Or both.

• If neutrino mass is purely Dirac, RH neutrino states exist and they are paired 
up with the LH ones. In the simple see-saw mechanism, they are up near the 
GUT scale. Anything in between is possible. Experimental question.

• What about that old LSND anomaly? 3.8 sigma

• MiniBooNE was supposed to test it. After a decade of running, with one 
detector, it didn’t resolve it. Rather, it has its own anomalies (also about 4 
sigma).

17



What do neutrinos tell us about particle physics? 

• Not obvious. We don’t presently understand. But it would be great to find out.

• Neutrino masses are in the category of “who ordered that?” physics.

• Many years ago, lots of new “elementary” particles seemed like a 
distraction from the main line of theoretical thought, to unify gravity and 
electromagnetism.

• Very smart people ignored this distraction. Others paid attention and 
pursued it. Turned out, E&M was unified with the weak interaction.

• There is no guarantee that neutrino masses will turn out the same way. 
We will know once we explore them!

18



Present-day status of the anomaly?
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Short-baseline oscillations

• Fermilab is planning is in the process of developing and launching its Short-
Baseline Neutrino Oscillation Program (2018)

• 3 detectors in the Booster Neutrino Beam, at different distances from the 
decay pipe

A Proposal for a Three Detector

Short-Baseline Neutrino Oscillation Program

in the Fermilab Booster Neutrino Beam

ar
X

iv
:1

50
3.

01
52

0v
1 

 [p
hy

si
cs

.in
s-

de
t] 

 5
 M

ar
 2

01
5

20



What about PLANCK??

• Planck 2015 [arXiv:1502.01589] 
reports Neff=3.15±0.23 and for 
the mass mν < 0.23 eV

• What happens if the sterile 
neutrino interpretation of the 
short-baseline anomalies is 
confirmed?

• That would imply new physics!

21



Sterile neutrino production in the early universe

• Oscillations + collisions!

• SM neutrino decoupling from electron-positron plasma: σ n ~ expansion rate

• If sterile neutrinos are brought into equilibrium with active earlier, dangerous!

• Oscillations alone:  

• Collisions are flavor-sensitive; project the state on the |e>, |s> flavor basis 
state, allows oscillations to restart. Rate of flavor change: 

• Equilibration:  

G2
FT

2T 3 ⇠ T 2/Mpl ! TSM
dec ⇠ (G2

FMpl)
�1/3 ⇠ 2 MeV

P (⌫a ! ⌫s) = sin2 2✓as sin
2(�m2/4Et) ! (1/2) sin2 2✓as for t> 4E/Δm2

G2
FT

2T 3(1/2) sin2 2✓as

G2
FT

2T 3 sin2 2✓as ⇠ T 2/Mpl ! TSM
eq ⇠ (G2

FMpl sin
2 2✓as)

�1/3 ⇠ 10 MeV

Dolgov & Barbieri (1990) + hundreds more since
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Active-sterile conversion: earlier times

• We saw that

• The situation changes when 

• The active-sterile system was again not in equilibrium earlier!

• When collisions are more frequent than the oscillation length, the 
oscillations are rest too soon (the Quantum Zero effect)

• The (CP-symmetric) medium creates an MSW potential, ~ GF2 T5, that 
suppresses oscillations [Notzold and Raffelt (1988)]

• For sufficiently small mixing angles, the νs production is never equilibrated; in 
the scenario of νs DM, this allows making just enough νs, without overclosing 
the universe  [Dodelson and Widrow (1994)]

G2
FT

2T 3 & �m2/T ! T & (�m2/G2
F )

1/6 ⇠ 50 MeV

TSM
eq ⇠ (G2

FMpl sin
2 2✓as)

�1/3 ⇠ 10 MeV
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New interactions in the hidden sector

• Can sterile neutrinos with the mixing angle required by the short-baseline 
anomaly be reconciled with cosmology?

• Suppress mixing angle with a new term in the MSW potential

• Imagine that the sterile neutrinos are not sterile, they carry a hidden gauge 
quantum number. That would generate a new potential.

• Repeating the standard arguments, one finds two regimes for the potential

•

B. Dasgupta, J. Kopp, PRL (2014);
S. Hannestad, R. S. Hansen, and T. Tram, PRL (2014);

originally Babu & Rothstein, Phys.Lett. B275 (1992) 112-118

Notzold & Raffelt (1988)

Weldon (1982)V ⇠ +
g2T 2

E
, T,E � M

V ⇠ �g4ET 4

M4
, T, E ⌧ M

5

BBN, CMB, and large-scale structure if we allow them
to be charged under a new gauge interaction mediated
by a MeV-scale boson. In this case, sterile neutrino pro-
duction in the early Universe is suppressed due to the
thermal MSW potential generated by the mediator and
by sterile neutrinos themselves. Our proposed scenario
leads to a small fractional number of extra relativistic
degrees of freedom in the early Universe, which may be
experimentally testable in the future. If the considered
boson also couples to DM, it could simultaneously ex-
plain observed departures of small-scale structures from
the predictions of cold DM simulations.
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Appendix A: Thermal Corrections to Self-Energy

Here, we derive the dispersion relation for sterile neu-
trinos coupled to a U(1)� gauge force in the regime of
nonzero temperature and density. Our approach closely
follows [19, 20, 53, 54].

From considerations of Lorentz invariance, the sterile
neutrino self energy at one-loop can be expressed as

⌃(k) = (m � a/k � b/u)PL . (8)

Here, PL = (1 � �5)/2 is a chirality projector, m is the
sterile neutrino mass, p is its 4-momentum and u is the
4-momentum of the heat bath. We work in the rest frame
of the heat bath, so we take u = (1, 0, 0, 0).

This thermal self-energy modifies the dispersion rela-
tion to

det(/k � ⌃(k)) = 0 , (9)

which, in the ultrarelativistic regime, k0 ⇡ |k|, gives

k0 = |k| + m2

2|k| � b (10)

to linear order in the coe�cients a and b. Note that the
usual dispersion relation for an ultrarelativistic neutrino,
k0 = |k| + m2

2|k| , is modified by an e↵ective potential

V
e↵

⌘ �b . (11)

The coe�cient b can then be obtained according to the
relation

b =
1

2k2

⇥
[(k0)2 � k2]tr /u⌃(k) � k0tr /k⌃(k)

⇤
. (12)

So, the remaining job is to calculate ⌃(k).

�s �s

A�

A�

�s �s

f

�s

Figure 3. Bubble and tadpole contributions to the sterile neu-
trino self-energy, which create an e↵ective “matter” potential.

We assume a Lagrangian L
int

= e�f̄�
µPLfA

0
µ, where

e� is the U(1)� gauge coupling. At lowest order, ⌃(k)
receives contributions from the bubble and tadpole dia-
grams shown in Fig. 3. In the real time formalism, these
diagrams are calculated using the thermal propagators
for the fermion,

S(p) = (/p+m)


1

p2 � m2

+ i�f (p)

�
, (13)

and the gauge boson (in Feynman gauge)

Dµ⌫(p) = �gµ⌫


1

p2 � M2

+ i�b(p)

�
. (14)

The thermal parts are given by

�f (p) = 2⇡�(p2 � m2)⌘f (p) , (15)

�b(p) = 2⇡�(p2 � M2)⌘b(p) , (16)

respectively, with the distribution functions

⌘f (p) = [e|p·u|/Ts + 1]�1 , (17)

⌘b(p) = [e|p·u|/Ts � 1]�1 . (18)

The form of S(p) and Dµ⌫(p) can be understood from
the fact that at finite temperature and density, there are
not only virtual ⌫s and A0 in the medium, but also real
particles that have been thermally excited.

The diagrams in Fig. 3 are given by

⌃
bubble

(k) = �ie2�

Z
d4p

(2⇡)4
�µ PL iS(p+ k) �⌫ iDµ⌫(p) ,

(19)

⌃
tadpole

(k) = ie2��
µ PL iDµ⌫(0)

Z
d4p

(2⇡)4
tr


�⌫ PL iS(p)

�
.

(20)

K. Enqvist, K. Kainulainen, and J. Maalampi, Nucl.Phys. B349, 754 (1991).
C. Quimbay and S. Vargas-Castrillon, Nucl.Phys. B451, 265 (1995), hep-ph/9504410.
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Mixing suppression

• Fig. from Dasgupta & Kopp, 1310.6337v4

2

ditional e↵ective number of fully-thermalized neutrinos
at BBN, for a single left-handed sterile neutrino (and its
right-handed antineutrino) and a relativistic A0, is

�N⌫ ⌘ ⇢⌫s + ⇢A0

⇢⌫
=

(g⌫s + gA0)T 4

s

g⌫ T 4

⌫

(1)

=

�
7

8

⇥ 2 + 3
� ⇥ �

10.75
106.7

� 4

3

�
7

8

⇥ 2
� ⇥ �

4

11

� 4

3

' 0.5 , (2)

which is easily consistent with the bound from BBN, viz.,
�N⌫ = 0.66+0.47

�0.45 [12]. Up to 3 generations of sterile
neutrinos could be accommodated within ' 1�. Note
that we have conservatively taken T⌫ at the end of BBN.

At lower temperatures, Ts . 0.1MeV, A0 becomes non-
relativistic, and decays to sterile neutrinos, heating them
up by a factor of ' 1.4. However, these neutrinos with
masses m & 1 eV, are nonrelativistic by the epoch of
matter-radiation equality (T� ' 0.7 eV) and recombina-
tion (T� ' 0.3 eV). Thus the impact of thermal abun-
dances of A0 and ⌫s on the CMB and structure formation
is negligible. See also [16–18] for alternate approaches.
We will now show that oscillations of active neutrinos into
sterile neutrinos, which are normally expected to bring
the two sectors into equilibrium again, are also strongly
suppressed due to “matter” e↵ects.

The basic idea underlying our proposal is similar to the
high-temperature counterpart of the MSW e↵ect. Let us
recall that at high temperatures, i.e., in the early Uni-
verse, an active neutrino with energy E experiences a
potential V

MSW

/ G2

FET 4

� due to their own energy den-
sity [19]. This is not zero even in a CP symmetric Uni-
verse. A similar, but much larger, potential can be gen-
erated at high-temperature for sterile neutrinos, if they
couple to a light hidden gauge boson A0. There are two
types of processes that can contribute to this potential
— the sterile neutrino can forward-scatter o↵ an A0 in
the medium, or o↵ a fermion f that couples to A0.

These interactions of the sterile neutrino with the
medium modify its dispersion relation through a poten-
tial V

e↵

:

E = |k| + m2

2E
+ V

e↵

, (3)

where E and |k| are the energy and momentum of the
sterile neutrino.

We calculated V
e↵

using the real time formalism in
thermal field theory (see Appendix A). Physically, this
potential is the correction to the sterile neutrino self-
energy. In the low-temperature limit, i.e., Ts, E ⌧ M , we
find V

e↵

' �28⇡3↵�ET 4

s /(45M
4) , similar to the poten-

tial for active neutrinos [19], with ↵� ⌘ e2�/(4⇡) being the
U(1)� fine-structure constant. In the high-temperature
limit, Ts, E � M , we find V

e↵

' +⇡↵�T
2

s /(2E) , similar
to the result for hot QED [20]. We have assumed that

M
=
10

3 M
eV

M
=
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M
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Figure 1. Comparison of the e↵ective matter potential Ve↵

for sterile neutrinos (black curves) to the active–sterile os-
cillation frequency �m2/(2E) (green line) at E ' T� and
�m2 = 1 eV2. As long as |Ve↵| � �m2/(2E), oscillations
are suppressed. Di↵erent black curves show |Ve↵| for di↵erent
values of the gauge boson massM , with solid lines correspond-
ing to Ve↵ > 0 and dashed lines indicating Ve↵ < 0. Thin
(Thick) lines show exact numerical (approximate analytical)
results. The hidden sector fine-structure constant is taken as
↵� ⌘ e2�/(4⇡) = 10�2/(4⇡). Red lines show the contribution
to Ve↵ from an asymmetric DM particle with m� = 1 GeV.
The QCD phase transition and active neutrino decoupling
epochs are annotated. The small kinks in the curves are due
to changes in g⇤, the e↵ective number of degrees of freedom
in the Universe.

there is no asymmetry in ⌫s, which may be interesting
to consider [16, 21]. These analytical results are plot-
ted in Fig. 1 (thick black lines). For comparison, we also
calculated the potential numerically (thin black lines),
and found excellent consistency with the analytical ap-
proximations in their region of validity. The potential is
small only in a very small range of temperatures Ts ⇡ M ,
where the potential changes sign and goes through zero.
Note that the potential is always smaller that |k| and
vanishes at zero temperature.

In the presence of a potential, it is well-known that
neutrino mixing angles are modified. In the two-flavor
approximation, the e↵ective mixing angle ✓m in matter
is given by [22]

sin2 2✓m =
sin2 2✓

0�
cos 2✓

0

+ 2E
�m2V

e↵

�
2

+ sin2 2✓
0

, (4)

where ✓
0

is the vacuum mixing angle, and �m2 = m2

s �
m2

a is the di↵erence between the squares of the mostly
sterile mass eigenstate ms and the active neutrino mass
scale ma. If the potential is much larger than the vacuum

Weldon

Notzold
Raffelt

25



Controversy!

Dasgupta and Kopp, PRL 112 , 031803 (2014) -> Secret interactions 
suppress the active-sterile mixing angle in the early Universe

Hannestad, Hansen, and Tram, PRL 112, , 031802 (2014) -> Mixing + 
collisions don’t violate N_eff bounds for heavy mediators.

Mirizzi, Mangano, Pianti, and Saviano, Phys. Rev. D 91 (2015) These 
models agree with Planck, but only marginally.

Archidiacono, Hannestad, Hansen, and Tram, Phys. Rev. D 91 (2015) -> 
Everything works great for VERY low mass mediators.

Chu, Dasgupta, Kopp, arXiv:1505.02795 -> There is more allowable 
parameter space than Mirizzi et al. found.
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We do not agree with any of them!

Cherry, Friedland, Shoemaker, to appear
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Large coupling: excluded by free-streaming

• Notice that for for large 
coupling, neutrinos, even the 
ones predominantly active, 
become non-free-streaming at 
the CMB epoch

• This would be in conflict with 
PLANCK 

14
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FIG. 8: Expected sensitivity of Planck alone to NF S , Ncoupled.
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FIG. 9: Sensitivity of Planck plus other cosmological data. The constraints on NF S are not much changed as compared with
Planck alone, but the figure shows a factor of two potential improvement in Ncoupled.

Friedland, Zurek, Bashinsky, 
0704.3271

Here, geff is effective coupling, g sin𝜭 " "

geff < 10�7(M/1 eV)

geff < (Trec/Mpl)
1/4(M/Trec)

• Planck 2015 [arXiv:
1502.01589] reports 
Neff=3.15±0.23 and for the 
mass mν < 0.23 eV
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In fact, such light, secluded sectors are not 
uncommon
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Self-interacting dark matter

• To get rid of cold cores, bring them in contact with hotter components of the 
halo. (Spergel & Steinhardt, PRL 2000 + hundreds more)

• DM-DM scattering. Required cross section is

• Huge cross section! 102 fm2 ⇒(107 eV)-2

• The mediator particle in the <10 MeV range could do it

� ⇠ 1 cm2(mX/g) ⇠ 10�24 cm2(mX/GeV)
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Secluded sector

• Obviously, such a light mediator must be well isolated from the Standard 
Model fields

• Search strategies depend on the form of the “portal” between the secluded 
and SM sectors

• Known portals: kinetic mixing (dark photon searches), Higgs mixing

•  Another important possibility: through neutrino mixing 

• Suppose the secluded sector contains a light fermion, which couples to 
the mediator ɸ. This fermion can mix with SM neutrinos. 

• “Neutrino Portal”
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Neutrino Portal Framework

• The dark sector has a Higgs mechanism with a field     that gives ɸ its light 
mass

• Simple renormalizable see-saw Lagrangian. Upon integrating out the heavy 
right-handed       , one gets a light “sterile”        mixing with the usual active 
neutrinos in

•    

• Akin to “baryonic neutrino” in Pospelov, arXiv:1103.3261, only the hidden 
gauge group does not directly couple to the SM baryon number (which could 
induce large NSI)

L ⇠ LH⌫R + ⌫D⌘⌫R +M⌫R⌫R

⌘

⌫R ⌫D
L

Leff ⇠ (LH)(⌫D⌘)

M
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Dark-matter interactions with neutrinos?

• Interestingly, coupling between dark matter and neutrinos gives the second 
mechanism to alleviate the small-scale structure problems

• Boehm et al, 2001, 2002, 2004; van den Aarssen, Bringmann, and 
Pfrommer, 2012

• Coupling of SM to neutrinos early would keep DM density fluctuations 
from collapsing, until kinetic decoupling

• Mediator masses of <10 MeV work! (see later)

M
halo

⇠ 108M�

✓
keV

T
KD

◆3
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Cherry, Friedland, Shoemaker, arXiv:1411.1071
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Testing neutrino-neutrino interactions?  

• We have discussed DM-DM and DM-neutrino interactions. 

• How about neutrino-neutrino interactions?

• This may be the hardest interaction among the SM particles to constrain!

• A classic problem!

• Bounds of the order of 103-105 GF have been quoted 
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• Bardin, Bilenky, Pontecorvo (1970)

• Barger, Keung, Pakvasa (1982)

• Manohar (1987)

• Kolb & Turner (1987)

• Fuller, Mayle, Wilson (1988)

• Bilenky, Bilenky, Santamaria (1993)

• ...
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A n e w  h y p o t h e t i c a l  i n t e r a c t i o n  b e t w e e n  n e u t r i n o s  is  c o n s i d e r e d .  It  is  s h o w n  tha t  e v e n  r e l a t i v e l y  
s t r o n g  v e - v e ,  vtz - v/. t and  Pe - v t l  i n t e r a c t i o n s  a r e  not  in c o n t r a d i c t i o n  wi th  e x i s t i n g  d a t a  and  u p p e r  l i m -  
i t s  f o r  the  c o r r e s p o n d i n g  i n t e r a c t i o n  c o n s t a n t  a r e  o b t a i n e d .  New e x p e r i m e n t s  a r e  s u g g e s t e d  w h i c h  m i g h t  
g i v e  i n f o r m a t i o n  on ~, - v i n t e r a c t i o n s .  

I t  i s  t a k e n  f o r  g r a n t e d  t h a t  the  on ly  i n t e r a c -  
t i o n  w h i c h  n e u t r i n o s  u n d e r g o  i s  the  c l a s s i c a l  
w e a k  i n t e r a c t i o n .  N e v e r t h e l e s s ,  t he  q u e s t i o n  
c a n  be  pu t  a s  to w h e t h e r  the  n e u t r i n o  m a y  u n d e r -  
go a d d i t i o n a l  i n t e r a c t i o n s .  Our  w o r k  i s  c o n -  
c e r n e d  w i th  a p o s s i b l e  i n t e r a c t i o n  b e t w e e n  n e u -  
t r i n o s .  Of c o u r s e ,  t h e r e  i s  a n  i n t e r a c t i o n  b e -  
t w e e n  n e u t r i n o s  a r i s i n g  in  the  s e c o n d  o r d e r  of 
the  u s u a l  w e a k  i n t e r a c t i o n ,  bu t  h e r e  we s h a l l  
c o n s i d e r  a new ( h y p o t h e t i c a l )  v - v i n t e r a c t i o n .  
As  i t  t u r n s  out ,  e v e n  a r e l a t i v e l y  s t r o n g  v - v 
i n t e r a c t i o n  i s  not  in  c o n t r a d i c t i o n  w i t h  e x i s t i n g  
da ta .  We s u g g e s t  t h e n  new e x p e r i m e n t s  w h i c h  
m i g h t  g ive  i n f o r m a t i o n  on the  v - v i n t e r a c t i o n .  

In the  p r e s e n c e  of n o n - w e a k  v - v  i n t e r a c -  
t i o n s  w i l l  a p p e a r  m a n y  p h e n o m e n a ,  a m o n g  w h i c h  
we s h a l l  c o n s i d e r  i) s o m e  new t y p e s  of d e c a y s  
( s ee ,  f o r  e x a m p l e ,  fig.  l a ) ,  i i)  s o m e  new t y p e s  
of n e u t r i n o - i n d u c e d  p r o c e s s e s  a t  h i g h  e n e r g y  

C.L. 
g. 

F i g .  1. 

( s ee ,  f o r  e x a m p l e ,  fig.  l b ) ,  i i i )  n e u t r i n o  " f o r m  
f a c t o r s "  ( see  f ig.  l c ) .  

In a d d i t i o n  to the  u s u a l  w e a k  d e c a y s  wi th  
e m i s s i o n  of l e p t o n s ,  a v - v i n t e r a c t i o n  c l e a r l y  
i m p l i e s  d e c a y s  w i th  the  e m i s s i o n  of a n  a d d i -  
t i o n a l  v - ~ p a i r .  L e t  us  f i r s t  c o n s i d e r  the  d e c a y  

~ + - e + +  r e +  Ve + ~e " (1) 

In a po l e  a p p r o x i m a t i o n  we o b t a i n  f o r  the  e l e c -  
t r o n  s p e c t r u m  in  p r o c e s s  (1) the  e x p r e s s i o n  

dW 1 G2F2 if~l mTr × 
~ e 3 v  - 27~ 5 VeVe 

× ( l + r  2 - 2 x ) ( x 2 - r 2 )  1/2 [ ( 1 - 2 x ) x + r  2] , (2) 

w h e r e  G ~ 10 -5 mp 2 i s  the  w e a k  i n t e r a c t i o n  
c o n s t a n t .  If~l ~ 0.92 rnTr i s  the  F - d e c a y  c o n s t a n t ,  
r = rne/m~,  x E / m ~  (E i s  the  e l e c t r o n  e n e r g y ) ,  
a n d  FVeVe i s  the  v e - v e i n t e r a c t i o n  c o n s t a n t .  

To  be  c o n c r e t e ,  we s e l e c t e d  fo r  the  v e - v e e f -  
f e c t i v e  H a m i l t o n i a n  the  v e c t o r  f o r m  ~VeVe  = 

= F½  ~e (PeVa Ve)(~eVa re)" N e g l e c t i n g  the  e l e c -  

t r o n  m a s s  we o b t a i n  f o r  the  t o t a l  p r o b a b i l i t y  of 
p r o c e s s  (1) 

1 G2F 2 If~12m 7 o (3) 
Wn ~ e 3 v  - 157T5211 ~eVe 

F o r  c o m p a r i s o n  we g ive  a l s o  the  w e l l - k n o w n  
e x p r e s s i o n  of W~ ~ lv (l i s  a c h a r g e d  l ep ton) :  

_ 1  2 m2m (1 m2 2 
Wrr_.g v 23~G Ifzr[ 2 - ~ - )  o (4) 
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Most of these constraints are complete avoided 

• The neutrino portal framework is distinct 
from hard 4-fermi interactions:

• Neutrinos in laboratory are produced as 
flavor states, don’t have the νS 
component until they oscillate.

• In dense environments such as supernova, 
large matter potential reduces the admixture 
of the “sterile” state --> Manohar 1987 does 
not apply. Detailed analysis warranted! 
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FIG. 3. Feynman diagram for K�(ūs) decay to a muon where
a V is radiated from the final state antineutrino. We also take
into account another diagram where the V is also radiated
from the muon. The hadronic matrix element h0|u�↵(1 �
�5)s|K�i = fK p↵K is denoted by the shaded circle.

C. Kaon decay

An even stronger constraint can be obtained from
kaon decay, again assuming that V couples to both the
neutrinos and charged leptons. The basic idea is the same
as above, but instead of the decay width, we look at the
distortion of the charged lepton spectrum due to excess
missing energy in kaon decays. Kaons dominantly decay
(branching ratio ⇠ 65%) via the 2-body leptonic channel
K� ! µ� ⌫µ, for which the muon energy spectrum
is a delta function in the kaon rest frame. If a new
vector boson couples to leptons as assumed, then there
can be V -boson emission from the final states if mV .
mK �mµ ⇡ 388MeV; the 3-body decay K� ! µ� ⌫µV ,
has a dramatically di↵erent muon spectrum.

We consider the 3-body decay K� ! µ� ⌫µ V , as
shown in Fig. 3. Much of the calculation is similar
to that for a related limit on parity-violating muonic
forces [18]. In Fig. 4, we show the muon spectrum from
kaon decay in two cases: when V emission is forbidden
(K� ! µ�⌫̄µ) and when it is allowed (K� ! µ�⌫̄µV ).
In both cases, we plot d�/dEµ normalized by the total
(all modes) decay width �

tot

. For the 2-body decay,
the muons have a monoenergetic spectrum with Eµ =
258MeV; we show the measured result (including energy
resolution) [106]. For the 3-body decay, the muons have
a continuum spectrum; we show this for g⌫ = 10�2 and
mV = 0.5MeV. This produces events at energies where
no excess events above the Standard Model background
were observed (shaded region) [107]. We also show the
approximate upper limit that we derive (in the energy
range used for the search) from the upper limit presented
in Ref. [107].

To obtain our constraint, we use the results
from a search for missing-energy events in kaon
decays with muons having kinetic energies between
60MeV to 100MeV (Eµ between 165.5MeV and
205.5MeV). We integrate our calculated di↵erential
decay rate, d�/dEµ, over this range of Eµ to
obtain the partial decay width �(K� ! µ� ⌫µ V ).
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FIG. 4. Muon spectra from kaon decay for the standard 2-
body decay K� ! µ� ⌫µ (solid blue) measured in [106] along
with the hypothetical 3-body decay K� ! µ� ⌫µ V (dashed
red) with g⌫ = 10�2 and mV = 0.5MeV. The shaded region
shows the search region of Ref. [107], where no excess events
were found. From this we derive an upper bound on the 3-
body di↵erential decay rate that is ⇠104 times lower than the
dashed red line.

The measured constraint on the branching ratio
�(K�! µ� + inv.)/�(K�! µ� ⌫µ)  3.5 ⇥ 10�6 [107]
leads to the limit on g⌫ shown in Fig. 1. If the V boson
were to couple only to the neutrino, then the limit on g⌫
would naively be a factor of ⇠ 3 stronger than what is
presented here.
The constraints from W and kaon decays do not apply

directly to purely neutrinophilic models, e.g., Ref. [8],
because no gauge-invariant implementation of the basic
idea is available. An important issue that must be noted
is that the longitudinal mode of V couples to the anomaly
in the fermion current, and results in a contribution
proportional to the charged lepton mass-squared to the
decay rate. These lepton masses cannot be written down
using renormalizable gauge-invariant operators unless
one makes modifications to the Higgs sector or couples
the right-handed leptons to V . The lepton masses may
also be generated by nonrenormalizable operators, as in
Ref. [108], which would then provide a natural UV cuto↵
to the calculations. Since in this e↵ective model, the
V -boson mass, mV , is proportional to the UV cuto↵ of
the theory, it is not possible to take to take the limit of
mV ! 0 in this model.

III. CONSTRAINT FROM SCATTERING

A very strong constraint can be obtained by
considering neutrino-electron scattering at very low
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Neutrino-neutrino collider?

• We need to collide neutrino mass eigenstates, which have admixture of the 
“sterile” component that endows them with new interactions

• Not feasible in a terrestrial lab, but we can use the universe as the lab

• Icecube has observed neutrinos in the PeV energy range, that likely originate 
from cosmological distances

• These neutrinos on their way to us travel through the relic neutrino 
background. Both the beam and the background had enough time to oscillate 
and separate into mass eigenstates.
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Light mediator

• It is well known that in the SM the universe is transparent to neutrinos 
with energies below ~1022 eV

• We now have a light mediator particle 

• resonant condition

• The same mass scale as for the dark matter self-interactions! 

• After scattering, neutrinos are mostly converted into the “sterile” 
state, disappear from the observed flux 

m2
� = s ⇡ 2m⌫E⌫

=) m� ⇠
p
(10�1 eV)(1015 eV) ⇠ 107 eV
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Example calculation
Sources are GBRs (Waxman-
Bahcall) + AGNs at high E
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More interesting implications: source correlations

• Too much absorption would be 
mean no isotropy of sources

• Intermediate range could mean 
absorption from far sources 

• GZK-type horizon for neutrinos

• Look for source correlations!
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More to understand: effect on SN ν’s

ν-sphere Collective

turbulence
front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _
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Neutrino “self-refraction”

• Neutrinos undergo flavor conversion in 
the background of other neutrinos

• The neutrino induced contribution 
depends on the flavor states of the 
background neutrinos

• Rich many-body physics, with  many 
regimes 

• Modified neutrino-neutrino interactions 
could change this drastically? How? 
What’s the signature DUNE can look 
for?

3

Hamiltonian,

HFCNC =

√
2GF n2

2

[

const +

(

ϵ′ ϵ
ϵ −ϵ′

)]

, (4)

where GF is the Fermi constant and n2 is the number
density of scatterers in the medium.

As a toy example, consider a beam of electron neutri-
nos incident on a thin slab of matter of thickness L made
of FCNC interacting particles, as illustrated in Fig. 1.
Assume that the neutrino masses are sufficiently small so
that the effects of vacuum oscillation can be neglected.
The flavor conversion rate in the slab can then be found
using the following straightforward physical argument.
Let f be the amplitude for an electron neutrino to scat-
ter as a muon neutrino in a given direction on a particle in
the target. If the scattering amplitudes for different tar-
get particles add up incoherently, the flux of muon neutri-
nos in that direction is ∝ Ns|f |2, where Ns is the number
of scatterers. In the case of forward scattering, however,
the scattering amplitudes add up coherently and, hence,
the forward flux of muon neutrinos is ∝ N2

s |f |2. Indeed,
in the small L limit Eq. (4) gives

PFCNC
νe→νµ

≃ ϵ2(GF n2L)2/2 , (5)

which has the form PFCNC
νe→νµ

∝ N2
s |f |2, since ϵ ∝ f . No-

tice that by choosing a small L limit we were able to
ignore the secondary conversion effects in the slab, i.e.,
to assume that for all elementary scattering events the
incident neutrinos are in the νe state.

To summarize, for small enough L, the flavor conver-
sion rate due to coherent FC scattering in the forward
direction is proportional to the square of the modulus of
the product of the elementary scattering amplitude and
number of scatterers. This quadratic dependence on Ns

is what makes the coherent forward scattering important
even when the incoherent scattering can be neglected.

Notice that exactly the same arguments apply if one
considers the usual flavor-diagonal matter term due to
the electron background in a rotated basis, for instance,
in the basis of vacuum mass eigenstates. In this basis,
the matter Hamiltonian has off-diagonal terms, resulting
in transitions between the vacuum mass eigenstates.

B. Neutrino background: physical introduction

We seek the same description for the case of neutrino
background. Let us therefore modify the setup in Fig. 1
and replace the slab by a second neutrino beam, such
that the neutrino momenta in the two beams are orthog-
onal (see Fig. 2). To keep the parallel between this case
and the FCNC case, we will continue to refer to the orig-
inal beam as “the beam” and to the second beam as “the
background”. The neutrinos in each beam can be taken
to be approximately monoenergetic [31]. We again as-
sume that the neutrino masses are sufficiently small so
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νx = cos ανe + sin ανµ

FIG. 2: Toy problem to illustrate neutrino flavor conversion
in the neutrino background.
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FIG. 3: Elementary scattering event that causes a change of
the flavor composition of the beam

that, although flavor superposition states could be cre-
ated outside the intersection region, the effects of vacuum
oscillation inside the intersection region can be neglected.
Any flavor conversion that takes place in the system is
therefore due to neutrino-neutrino interactions in the in-
tersection region.

Let us first compute the amount of flavor conversion
in the beam using Eqs. (1,3). The conversion is expected
because of the presence of the off-diagonal terms in these
equations. The result depends on the flavor composition
of the background. If the background neutrinos are all
in the same flavor state

νx = cosανe + sinανµ (6)

and their density is n2, the Hamiltonian for the evolution
of a beam neutrino takes the form

H =

√
2GF n2

2

[

const +

(

cos 2α sin 2α
sin 2α − cos 2α

)]

. (7)
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Any flavor conversion that takes place in the system is
therefore due to neutrino-neutrino interactions in the in-
tersection region.

Let us first compute the amount of flavor conversion
in the beam using Eqs. (1,3). The conversion is expected
because of the presence of the off-diagonal terms in these
equations. The result depends on the flavor composition
of the background. If the background neutrinos are all
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In summary

• Neutrino field has progressed tremendously in the last two decades, both with terrestrial 
and astrophysical/cosmological sources 

• With zeroth-order things measured, the next-generation experiments will probe the 
standard 3-neutrino paradigm.

• Precision data at several baselines should resolve the nagging “anomalies”

• Larger version of IceCube will have enough statistics to look for anomalous absorption 
effects caused by hidden light mediators

• Next-generation cosmological probes will also test these scenarios

• Observation of the next Galactic supernova with DUNE, SK, IceCube/PINGU could 
provide a wealth of astrophysical and particle physics information. Need to be prepared to 
read this signal.
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